The study of senescence in plants is complicated by diverse levels of temporal and spatial dynamics as well as the impact of external biotic and abiotic factors and crop plant management. Whereas the molecular mechanisms involved in developmentally regulated leaf senescence are very well understood, in particular in the annual model plant species Arabidopsis, senescence of other organs such as the flower, fruit, and root is much less studied as well as senescence in perennials such as trees. This review addresses the need for the integration of multi-omics techniques and physiological phenotyping into holistic phenomics approaches to dissect the complex phenomenon of senescence. That became feasible through major advances in the establishment of various, complementary 'omics' technologies. Such an interdisciplinary approach will also need to consider knowledge from the animal field, in particular in relation to novel regulators such as small, non-coding RNAs, epigenetic control and telomere length. Such a characterization of phenotypes via the acquisition of high-dimensional datasets within a systems biology approach will allow us to systematically characterize the various programmes governing senescence beyond leaf senescence in Arabidopsis and to elucidate the underlying molecular processes. Such a multi-omics approach is expected to also spur the application of results from model plants to agriculture and their verification for sustainable and environmentally friendly improvement of crop plant stress resilience and productivity and contribute to improvements based on postharvest physiology for the food industry and the benefit of its customers.
Introduction
Senescence in plants is the regulated, degenerative, and terminal phase of development, which ultimately leads to death of cells, tissues, organs, or the entire plant. The most prominent and by far the most studied and best understood senescence phenomenon is leaf senescence, which is crucial for plant fitness in recycling valuable nutrient components that have been incorporated during growth. For other plant organs the distinction between development and senescence is less clear, as in the case of dry and fleshy fruits. Dry fruits such as pods and siliques grow after fertilization with little tissue differentiation until reaching their final size and then enter a senescence programme similar to leaf senescence (Sacher, 1973; Gómez et al., 2014) . In contrast, fleshy fruits, after reaching their final size, undergo the processes of ripening and over-ripening. However, it has been shown that the latter of these developmental steps were found in tomato to follow a similar biological programme as in Arabidopsis pods (Gómez et al., 2014) . In contrast, postharvest processes in fruits are generally considered to be senescence-mediated (Giovannoni, 2001) . Senescence marks the end of the life cycle of an annual plant and thus has a profound impact at a population and ecological level (Caswell and Salguero-Gómez, 2013) . Although indeterminate perennial plants such as trees undergo repetitive cycles of defined organ senescence, they are typically characterized by a negligible or even improved physiological performance with ageing that has been referred to as negative senescence (Munné-Bosch, 2015) . Plant senescence is also manifested in daily human life as it limits the shelf life of fresh vegetables, fruits and flowers and determines the quality of edible products.
The main impact of the various physiological changes resulting from senescence programmes is a modulation of source-sink relations and nutrient remobilization (Gregersen et al., 2013; Thomas, 2013; Schippers et al., 2015) . Thus the study of plant senescence is of great applied importance for crop plant stress resilience and yield and therefore highly relevant to the burning challenge of substantially increasing agricultural production to feed the increasing world population alongside the challenges of climate change.
The study of plant senescence has been greatly advanced in the past two decades by the availability of a range of complementary 'omics' technologies ( Fig. 1 ) that allow this complex phenomenon to be addressed by a holistic phenomics approach. Phenomics refers to the characterization of phenotypes via the acquisition of high-dimensional phenotypic data (Houle et al., 2010) that address the different levels of expression of genetic information and regulatory mechanisms (Fig. 1) . Dimensionality refers to the diversity of phenotypic traits measured at different spatial and temporal resolutions and in different categories, such as plant structure, physiology, and performance. In interpreting high-dimensional phenotypic data, especially when they not only address morphological or growth parameters but also consider spatial and temporal dynamics, the concept of a genotype-phenotype map (Burns, 1970; Gjuvsland et al., 2013) has become a widely used metaphor for the multiple ways in which genomic information influences the phenotype of an organism (Houle et al., 2010) . In this concept, the interaction of the genomic information (G) with the external parameters determined by the environment (E) and management (M) creates the internal phenotypic state that includes cellular, tissue, and physiological properties. These internal phenotypes in turn shape the external phenotypes that can be more easily measured with high-throughput, non-invasive techniques.
Unlike conventional quantitative genetics, integrative phenomics involves detailed analysis of physiological parameters and considers the underlying processes: their genetic basis, environmental impacts, and agricultural practices. This framework is valuable for practical applications because quantitative features of complex crop phenotypes and their response to environmental variation cannot be understood and predicted based solely on a single genetic response. Armed with this interdisciplinary approach, plant physiology and functional genomics complement each other enabling the in silico assessment of responses to genetic fine-tuning under defined environments. Physiological and molecular data should be verified by functional approaches and applied to improve crop plants to increase harvest yield, stress tolerance, and value.
Since the major focus of senescence research has been on leaves in the model plant species Arabidopsis, much less is known on the underlying functional and regulatory mechanisms of senescence in other organs or in other species. This includes senescence studies in agriculturally relevant crop plants or root nodules, which are of great importance for food and feed productivity. With respect to recent reviews of the extensive literature on leaf senescence (Lim et al., 2007; Schippers, 2015; Kim et al., 2016a, b) , this review will focus on general aspects of implementing a phenomics approach in senescence research, on its translation to agricultural application, and on phenomics results of senescence mechanisms in non-model plants and other organs and tissues.
Challenges of assessing temporal and spatial dynamics of plant senescence within a multifactorial biotic and abiotic environment by a multi-omics approach and physiological phenotyping Plants are constantly exposed to very diverse climatic conditions depending on their habitats, ranging from moderate to extreme in relation to mean temperature, water availability Various 'omics' techniques for a holistic phenomics approach to address plant senescence on different levels. Several techniques have been established to analyse plants on the genotype and nucleic acids level; to determine the internal phenotype on the physiological and biochemical level; and by non-invasive imaging, to determine the external phenotype. Thereby, physiology plays a central role in the transition from genotype to phenotype, integrating also external factors from management practices, as an important part of the agronomic context, and the environment, which is strongly determined by the plant and soil microbiota and related interactions (microbiomics). Layout modified from Großkinsky et al. (2015b) . (This figure is available in colour at JXB online.) and soil salinity. Plants are also challenged by a multitude of both adverse and beneficial biotic and abiotic factors (Fig. 2) in their natural environment. Due to their sessile living style, plants cannot escape these external factors and thus have to perceive them to optimize their growth and reproduction. This includes also the modulation and fine tuning of the developmentally regulated senescence programmes during the plant life cycle, which are continuously adjusted to the various external factors (Rapp et al., 2015) . Notably this is of particular relevance in climate change scenarios where crop production is already nowadays affected by changes in the basic environmental conditions such as mean temperature, precipitation and CO 2 level, and where crops are also much more frequently exposed to extreme weather conditions causing limited availability of water and nutrient resources. On top of these impacts, national restrictions regarding fertilizer application in plant management will also have a profound impact on senescence programmes, which will ultimately affect both yield and yield stability.
The final outcome of senescence programmes is ultimately determined by the genome (G), environmental conditions (E), and their complex dynamic interactions (G×E) (Houle et al., 2010; Chen et al., 2014) ; crop management (M) is an additional determinant of the phenotype, and the senescence mechanisms operational in a specific agricultural system have finally to be considered as the result of complex G×E×M interactions (Porter and Christensen, 2013) (Figs 1 and 3) . Whereas a lot of detailed knowledge is available on developmentally regulated leaf senescence of the model plant Arabidopsis under controlled conditions (Lim et al., 2007; Schippers, 2015; Kim et al., 2016a, b) , much less is known on the impact of the variety of possible external biotic and abiotic factors. The focus of investigations has so far been typically on negative factors such as abiotic stress and pathogen infection, whereas very little is known of factors beneficial for growth and reproductive fitness such as elevated levels of CO 2 and growth-promoting rhizosphere microorganisms or the endophytic microbiome.
Only a few studies have addressed the modulation of senescence programmes by abiotic factors. Complex interactions have been demonstrated by the observations of adaptation to altitude and chilling on senescence response to chilling in the perennial plant Arabis alpina (Wingler et al., 2015) and the apparent interaction between flowering, senescence, and low temperatures in Arabidopsis with parallels but also differences in temperate cereals (Wingler, 2011) . There is a need to more systematically and rigorously elucidate the complex G×E×M interaction of both model and crop plants within the study of molecular mechanisms governing plant senescence programmes.
Molecular omics approaches to studying gene structure and regulation in relation to senescence
Genomics
Historically typically all the molecular approaches in senescence research that were directly or indirectly linked to the genome Fig. 2 . Senescence can occur on the whole plant level as well as in individual plant organs. Whole plant and organ-specific senescence programmes are influenced by the multifactorial environment comprising various biotic and abiotic factors. Depending on the plant species or organ and the specific conditions, senescence effects can vary and may have differential impact. (This figure is available in colour at JXB online.) Fig. 3 . The developmental senescence programme is mainly determined by the plant genotype (G), but may be modulated by external factors comprising the biotic and abiotic environment (E) as well as agricultural management services (M) for cultivated crops. Depending on the individual factors and their possible complex interactions (G×E×M), the senescence programme can be modulated, e.g. accelerated or delayed. These senescence modulations influence physiological parameters such as important source-sink relations that ultimately determine plant growth and development including agricultural traits. Thus, plant physiology mediates positive or negative impacts, respectively, on plant fitness in general or harvest product yield and quality of cultivated crops driven by modulated senescence. (This figure is available in colour at JXB online.) or its function have been addressed as 'genomics' approaches (Buchanan-Wollaston et al., 2003) . However, only a limited number of studies have been actually concerned with DNAbased genomics in a strict sense, whereas most non-biased approaches have actually carried out transcriptomics of coding RNAs (see below). Various functional genomics approaches have addressed the mechanistic role of individual gene products, but were, however, inherently limited in focus and throughput.
Since plants occupy various ecological niches with corresponding adaptation to the particular environment, distinctly different senescence responses have been evolved along with other adaptive traits (Levey and Wingler, 2005; Luquez et al., 2006; Fournier-Level et al., 2013) . Comparative studies with ecotypes or recombinant inbred lines assayed under various conditions have revealed a variety of senescence programmes (Diaz et al., 2005; Levey and Wingler, 2005; Balazadeh et al., 2008; Diaz et al., 2008) . The identification and analyses of senescence-related quantitative trait loci (QTLs) provide experimental evidence that those specific leaf senescence phenotypes are genetically determined (Diaz et al., 2006; Chardon et al., 2014) . The ecotilling approach with Arabidopsis will be much facilitated by the availability of 1000+ sequences for a highly diverse set of ecotypes (http://1001genomes.org/). It is expected that genome-wide association (GWA) analysis (Atwell et al., 2010; Bergelson and Roux, 2010; Weigel, 2012) with such a large collection of natural populations will be valuable for identifying novel key regulators or modulators contributing to elucidation of the mechanistic basis for the differences in senescence programmes and potential breeding targets.
The visual stay-green phenotype is defined as a delay in the onset of leaf senescence and is visually characterized by maintenance of green leaf area during the grain-filling period (Thomas and Ougham, 2014) . Many studies have demonstrated that the functional stay-green trait has a potential to increase crop productivity (Gregersen et al., 2013) and thus it is generally regarded as desirable for varieties of major crops. In a breeding context it is assumed that the majority of the improvement in source capacity might be due to visual and functional 'stay-green' (summarized in Yang et al., 2017) . Various genomics studies have shown that the functional stay-green is a quantitative character and many QTLs that contribute to this trait have been identified in many crops (Yang et al., 2017, and references therein) . In general these studies have been mainly concerned with resource allocation to harvest products (Gregersen et al., 2013; Thomas and Ougham, 2014) , but more recently they have considered also the improvement of abiotic stress resilience (Barakat et al., 2015; Wehner et al., 2015; Pinto et al., 2016) . The identification of novel QTLs by using 'multi-parent advanced generation inter-cross' (MAGIC) mapping populations for the QTL analyses of crop plant senescence is expected to further fuel this research area for the benefit of applied crop plant research (Camargo et al., 2016) .
Transcriptomics of messenger RNAs
Senescence involves major reprogramming of gene expression. In pioneering work to understand the regulatory mechanisms underlying leaf senescence, forward and reverse genetic approaches, mainly carried out in Arabidopsis, have yielded over 150 mutants and/or transgenics with altered leaf senescence phenotypes yielding basic general insights into operational mechanisms (Kim et al., 2009) . This approach was originally complemented by the identification of many genes with altered expression during senescence. However, it is the application of genome-wide transcriptome analyses of leaf senescence in Arabidopsis in combination with functional approaches that has made unprecedented remarkable advances in the study of senescence possible within the past decade. The first transcriptome studies (Zentgraf et al., 2004; Buchanan-Wollaston et al., 2005; van der Graaff et al., 2006) have been greatly advanced by high-resolution temporal profiling (Breeze et al., 2011) . This has given very comprehensive and complex characterization in unpreceded depth and resolution of key regulatory features of the leaf transcriptome during ageing by analysis of total-and small-RNA transcriptomes throughout the whole lifespan of Arabidopsis leaves in multiple dimensions, including age, RNA type, and organelles (Woo et al., 2016) . These transcriptomic studies have greatly contributed to our understanding of fundamental principles underlying leaf senescence on a genome-wide scale, including how leaf senescence programmes are coordinated through gene regulatory networks, the hierarchical action of many transcription factors, and crosstalk between different senescence-triggering factors. WRKY, MYB and most importantly NAC transcription factors were identified as central players in modulating transcriptional changes. Since the results of transcriptional regulation of leaf senescence have been comprehensively and excellently reviewed in the recent past (Lim et al., 2007; Schippers, 2015; Kim et al., 2016a, b and references therein), this review refrains from covering details of this aspect. Intriguingly, senescing leaves show more coordinated temporal changes in transcriptomes than growing leaves, with sophisticated regulatory networks comprising transcription factors and diverse small regulatory RNAs. The chloroplast transcriptome, but not the mitochondrial transcriptome, show major changes during leaf ageing with a strongly shared expression pattern of nuclear transcripts encoding chloroplast-targeted proteins. Thus, unlike animal ageing, leaf senescence proceeds with tight temporal and distinct interorganellar coordination of various transcriptomes that is critical for the highly regulated degeneration and nutrient recycling contributing to plant fitness and productivity.
The review by Kim et al. (2016b) also addresses the few comparative transcriptome studies among dicot plant species beyond Arabidopsis and discusses the conserved and species-specific mechanisms operational in leaf senescence. Also covered are the results of the so far only limited number of transcriptome analyses in agriculturally important cereal crops and autumn leaf senescence of deciduous trees, as the paradigm and most apparent plant senescence phenomenon.
More recently transcriptomics has started to be applied to study senescence programmes in other organs than leaves, namely flowers and fruits, with an applied perspective of the research. Transcriptome analysis of petal senescence in flowers of the non-climacteric ornamental pot plant Gardenia jasminoides Ellis, which is ethylene insensitive, has revealed that the prevailing, differentially expressed transcription factors comprise AP2/EREBP, WRKY, and bHLH, which showed a specific temporal expression pattern (Tsanakas et al., 2014) . To assess factors regulating flower longevity and thus shelf live, a transcriptomics study has been performed on ethylene-sensitive petunia plants transformed with an inducible system for the control of an ethylene-insensitive receptor mutant (etr1-1; Wang et al., 2013) . The results demonstrated that downregulation of specific transcription factors might play a crucial role in regulating the process of senescence in petunia with etr1-1-induced expression.
Transcriptome analyses have been performed also to elucidate postharvest senescence programmes in different fruits and a vegetable. A comparative transcriptome and metabolome analysis has provided new insights into the regulatory mechanisms of accelerated senescence in litchi fruit after cold storage (Yun et al., 2016) . Results suggested that the senescence of harvested litchi fruit was likely to be an oxidative process initiated by ABA, including oxidation of lipids, polyphenols, and anthocyanins. After cold storage, the fruits exhibited energy deficiency, and a respiratory burst was elicited through aerobic and anaerobic respiration, with calcium, G-protein-coupled receptors and a small GTPase involved in signal transduction. The outcome of transcriptome analyses of postharvest processes in citrus fruits that has been combined with a proteome analysis (Ding et al., 2015) will be discussed below in the section on proteomics. The molecular programme of senescence in dry and fleshy fruits has been assessed by a comparative analysis of transcriptome data on the processes taking place in Arabidopsis (dry) and tomato (fleshy) fruit during final development steps (Gómez et al., 2014) . Interestingly, the transcriptomic programme of Arabidopsis silique shares little similarity in gene number to tomato fruit ripening or over-ripening. In contrast, the biological processes carried out by these common genes from ripening and over-ripening programmes are similar, as most biological processes are shared during both programmes. On the other hand, several biological terms are specific to Arabidopsis and tomato ripening, including senescence, but little or no specific processes occur during Arabidopsis and tomato over-ripening. These suggest a closer analogy between silique senescence and ripening than overripening, and a major common biological programme between Arabidopsis silique senescence and the last steps of tomato development. Finally, a comparative physiological and transcriptomic analysis has revealed the action of melatonin in the delay of postharvest physiological deterioration of the tuberous and widely used cassava root (Hu et al., 2016) . Exogenous application of melatonin significantly delayed senescence by reducing H 2 O 2 content and improving activities of catalase and peroxidase. Moreover, the identified differentially expressed genes indicated that several pathways were markedly affected by melatonin treatment, including metabolic, ion homeostasis, and enzyme activity-related processes.
Transcriptomics of small, non-messenger RNAs (RNomics)
In the past decade knowledge about small, non-messenger RNAs (microRNAs, miRNAs) has grown substantially (Hüttenhofer et al., 2002) and also includes senescence research. In animal science miRNAs have been established as a major class of molecular regulators of senescence, and an array of transcriptional and post-transcriptional factors control their biogenesis (Abdelmohsen et al., 2012) . miRNAs have been identified as being responsible for the different senescence mechanisms of different tissues (Hu et al., 2014; Gao et al., 2016; Meng et al., 2017) and disruption of miRNA biosynthesis provided a potent pro-senescence stimulus (Gómez-Cabello et al., 2013) . miRNAs seem to function as potential sensors of ageing and cellular senescence (Williams et al., 2017) and small circular non-coding RNAs act as miRNA sponges (Maiese, 2016) .
In higher plants the general picture is less clear although there is increasing evidence that miRNA networks control senescence programmes. Early studies addressed the function of individual miRNAs in the regulation of specific target genes or traits relevant for senescence (reviewed in Humbeck, 2013) , mostly in Arabidopsis. Further targeted Debernardi et al., 2014) and genome-wide non-targeted approaches (Huo et al., 2015; Thatcher et al., 2015; in Arabidopsis have substantiated a role of specific miRNAs in regulation of leaf senescence. More recently there have been targeted (maize, Wu et al., 2016a) and genome-wide (rice, Xu et al., 2014; Woo et al., 2016) approaches to analysing miRNAs and their targets related to leaf senescence in other species. These results provide valuable information for understanding miRNA-mediated leaf senescence in plants in general and provide a basis for applications in breeding. Finally, a study has been performed to identify miRNAs and their targets that are involved in regulating postharvest senescence in litchi fruits during ambient and cold storage (Yao et al., 2015) .
Epigenomics
Epigenetic modifications are reversible modifications of the genomic DNA or the associated histones of the chromatin that affect gene expression without altering the DNA sequence. The two most characterized epigenetic modifications are DNA methylation and histone modification. Epigenetic modifications in general were shown to play an important role in gene expression and regulation, and are involved in numerous cellular processes. The study of epigenetics on a global level has been made possible only recently through the adaptation of genomic high-throughput assays.
Only in the past decade has experimental evidence been obtained that leaf senescence is regulated not only by the hierarchical action of many transcription factors but also by a higher order regulation via alterations in chromatin structure (reviewed in Humbeck, 2013; Huang et al., 2014; Dubrovina and Kiselev, 2016) . It has been proposed that the epigenetic regulation of senescence in plants should be considered within the broader context of environmental sensitivity of development due to their sessile lifestyle (Ay et al., 2014a) . Evidence is rapidly increasing that gene regulation of pathways includes differential changes in chromatin status, switching from transcriptionally inactive heterochromatin to actively transcribed euchromatin, and vice versa. This control level is implemented by different but interacting and often interdependent epigenetic mechanisms, including DNA methylation, covalent histone modification, and non-covalent chromatin remodelling, ultimately regulating downstream expression of not only senescence activated genes but also other developmental and stress-related genes. Thus, this epigenetic control level downstream of senescence-inducing signals is also connected to the overall developmental programme and integration of external information such as stress factors and plant management (Wu et al., 2008; Ay et al., 2009; Kuang et al., 2012; Kwiatkowska et al., 2014) . Recent publications have helped to elucidate some important individual factors that are involved in the chromatin-dependent changes in gene expression during senescence and senescence-associated processes (Ay et al., 2014b (Ay et al., , 2015 X. Chen et al., 2016; Cho et al., 2016) . The feasibility of the implementation of genome-wide studies (Brusslan et al., 2012) , notably extended to other organs than leaves and in non-model plants such as Quercus ruber seeds (Michalak et al., 2015) and Gossypium hirsutum cotyledons (Dou et al., 2017) , in combination with the other omics techniques will contribute to understanding the mechanisms behind control at the chromatin level.
For animals it is already well established that epigenetic changes have a huge influence on the ageing process and that certain types of epigenetic information can even function in a transgenerational manner to influence the life span of the offspring (Pal and Tyler, 2016) . Global levels of hypomethylation were shown to be stable within replication and cell cycle arrest (Vandiver et al., 2015) . For animals an epigenetic clock has been devised with high accuracy and precision based on specific methylation changes (Lowe et al., 2016) . Since plants are known to be particularly prone to transgenerational epigenetic inheritance (Quadrana and Colot, 2016) , it may be expected that heritable changes in DNA methylation also affect senescence programmes in the offspring. The determination of the epigenome of a global collection of 1000+ Arabidopsis ecotypes has revealed indeed a high degree of diversity (Kawakatsu et al., 2016;  http://1001genomes.org/).
Telomere length
Telomeres are specialized structures at the physical ends of eukaryotic chromosomes that consist of highly conserved, repeated DNA sequences that shorten with each round of DNA replication. Highly significant correlations between telomere length and age have been observed in humans and different animals and it is considered as one of the indicators of senescence (Liang et al., 2015, and references therein; Freitas-Simoes et al., 2016) . In striking contrast to animals, plants are able to develop and reproduce in the presence of significant levels of genome damage. This is most prominent in the viability of plants carrying knockouts for key recombination and DNA repair genes (Amiard et al., 2014) . In plants telomere shortening is not always correlated with senescence (Amiard et al., 2011; Watson and Riha, 2011) . In some cases, there are no differences in telomere length during plant developmental stages (Kilian et al., 1995) while in other cases both shortening and lengthening have been observed (Amiard et al., 2011; Watson and Riha, 2011) . The comparison of second-generation and seventh-generation mutants of Arabidopsis has permitted separation of the effects of the absence of the telomerase enzyme and the ensuing chromosome damage. Thus clear differences can be observed at both cellular and transcriptome levels between the ways in which mammals and plants respond to chronic telomeric damage (Amiard et al., 2014) . Most recently it has been shown in rice that overexpression of helicases involved in telomere homeostasis delayed leaf senescence-associated events (Macovei et al., 2017) . Although experimental evidence has been obtained that there can be a link between senescence and telomere length in plants, a clear-cut picture is still missing.
Application of physiological phenotyping to studying senescence
Specific aspects of leaf physiology have always been a focus of senescence research, with a prioritization on studies on photosynthetic pigments or ecophysiological measurements. It has been recognized only recently that also integrative, functional cell physiological phenotyping needs much more and systematic attention within a holistic phenomics approach (Dhondt et al., 2013; Ghanem et al., 2015; Großkinsky et al., 2015a) . The plant's physiology is the key interphase between genomic (G) information and final phenotypic outcome ( Fig. 1 , Großkinsky et al., 2015b) . This is also most relevant to elucidating the impact of external abiotic and biotic factors (E) as well as plant management (M) on senescence programmes that are typically integrated at the level of physiology (Fig. 3) . So far the omics techniques addressing physiological parameters and traits still very much lag behind the molecular omics techniques in throughput and extent. Only a comprehensive phenomics approach can narrow the genotype-phenotype knowledge gap and thus contribute to relieving the phenotyping bottleneck (Furbank and Tester, 2011; Großkinsky et al., 2015b) .
Within the field of plant phenotyping there are two contrasting approaches with distinctly different prioritization, high throughput with low resolution and lower throughput with higher resolution (Dhondt et al., 2013) . Well established methods that allow assessment of physiological mechanisms involved in senescence are proteomics and metabolomics. An inherent drawback of ecophysiological methods (such as the measurement of gas exchange) is that they are time consuming and labour intensive. They need to be carried out on-site at a single plant level with an inherently limited throughput. With the great focus on molecular techniques, there has been little attention to further developing and adapting classical cell physiological and biochemical methods for high-throughput analyses within a phenomics approach. However, this is starting to be addressed by establishing experimental platforms for an at least semi-high-throughput determination of enzyme activity signatures (Gibon et al., 2004; Sulpice et al., 2010; Jammer et al., 2015) and phytohormone profiling (Großkinsky et al., 2014a; Tarkowská et al., 2014 , Schäfer et al., 2016 . This metabolic fingerprinting for studying other biological processes (Prezelj et al., 2016; Cañas et al., 2017) promises to provide valuable insights also for the comparative study of the different senescence processes.
Proteomics
The key determinants of all cell physiological and biochemical reactions and thus the internal phenotype are the structural and enzymatically active proteins. Thus the determination of the proteome within senescence phenomena is expected to contribute to the understanding of the underlying physiological mechanisms. Although proteomic techniques have been established in parallel to transcriptomics approaches and are also continually advancing, they are inherently limited in their throughput. Thus only a few studies have focused so far on temporal dynamics of the proteome during progression of senescence.
The most comprehensive proteome datasets are available for the characterization of leaf senescence with a focus on crop plant species grown under agronomically relevant field conditions. The first high-throughput proteome profiling analysis was performed for leaves of white clover (Wilson et al., 2002) , followed by studies in rice (Zhao et al., 2005; Zhang et al., 2010) and maize (Wei et al., 2015 (Wei et al., , 2016 . More specialized studies with advanced proteome methods have addressed specifically the leaf senescence proteome in Arabidopsis (Hebeler et al., 2008; Shan et al., 2011; Tolin et al., 2013) . The results of the studies listed above have been reviewed already by Kim et al. (2016b) .
Additional proteome studies have been performed in senescing leaves of two more crop species, barley and soybean, and an additional study has been performed in rice. A combination of gel-based 2-DE and 1-DE shotgun proteomics approaches has been adopted to dig deeper into the leaf senescence proteome of soybean (Glycine max; Gupta et al., 2016a, b) . The comparative proteomics approach was used at two contrasting stages of leaf development, namely mature and senescent. Selection criteria for these two stages were the contrasting differences in their biochemical parameters-chlorophyll, carotenoid and malondialdehyde content. Signalling and other regulatory proteins are generally of low abundance in nature, and are masked by the presence of highly abundant proteins. Therefore, in this study the lowabundance proteins were specifically enriched using the PEG fractionation method, which depletes RuBisCO and other high-abundance proteins in the pellet fraction. The results also emphasize the role of jasmonic acid in soybean leaf senescence. A proteomic comparison of near-isogenic barley (Hordeum vulgare L.) germplasm differing in the allelic state of a major senescence QTL identified numerous proteins involved in plant pathogen defence (Mason et al., 2016) . This work stresses the value of studying biological systems at both the transcript and protein levels, and points to the importance of pathogen defence functions during developmental leaf senescence. An additional comparative proteomic analysis in rice has provided new insights into the regulation of carbon metabolism during leaf senescence of plants grown under field conditions (Zhang et al., 2010) . Based on the abundance changes of these proteins, together with their putative functions and participation in physiological processes, we propose that there are protein networks of carbon metabolism during leaf senescence. These networks provide, for the first time, an overview of the regulation of carbon metabolic reactions occurring during leaf senescence.
The various proteome studies of leaf senescence have given valuable new insight into the underlying molecular mechanism and provide a complementation of the results of the transcriptome studies. Notably, since most of these studies addressed the senescence of crop plants in the natural multifactorial target growing condition, the results are of particular value for implementation into breeding programmes and for adjusting management practices.
Very limited information is available on dynamic proteome changes associated with induction of senescence by external stress factors. To determine the molecular mechanism of stem reserve utilization under drought, the stem proteome patterns of two contrasting wheat landraces were studied under a progressive post-anthesis drought stress, during which period the line N49's peduncle showed remarkably higher remobilization efficiency of stem reserves compared with that of line N14 (Bazargani et al., 2011) . Furthermore, the upregulation of several oxidative stress defence proteins in N49 might suggest a more effective protection against oxidative stress during senescence in order to protect stem cells from premature cell death. The results suggest that wheat plants might respond to soil drying by efficiently remobilizing assimilates from stem to grain.
A number of recent studies have addressed proteome dynamics during post-harvest senescence progression with applied perspectives. These studies have been performed to get an insight into protein profiles during postharvest storage fruits, including citrus Ding et al., 2015) , litchi , apple , peach (Wu et al., 2016b) , and mandarin , and the vegetable broccoli (Liu et al., 2013) .
A combination of transcriptomic and metabolomic profiling was employed to assess the postharvest senescence process in citrus fruits (Ding et al., 2015) , some of the most important non-climacteric fruit crops in the global fruit industry. Network-based approaches of data mining and modelling were used to investigate complex underlying molecular processes. It has been found that differing flesh-rind transport of nutrients and water due to the anatomical structural differences among citrus varieties might be an important factor influencing fruit senescence. As fruit rind is exposed directly to the environment, which results in energy expenditure in response to biotic and abiotic stresses, nutrients are exported from flesh to rind to maintain the activity of the whole fruit. The depletion of internal substances causes abiotic stress, which further induces phytohormone reactions, transcription factor regulation, and a series of physiological and biochemical reactions.
A study in apples applied a quantitative proteomic analysis to gain a global view of alterations in the tonoplast proteome during fruit senescence . Although studies on the postharvest physiology and biochemistry of apple fruit have been conducted for several decades, little proteomic information was available pertaining to the role of the vacuole in fruit ripening and senescence. An iTRAQ (isobaric tags for relative and absolute quantitation)-based quantitative proteomic analysis provides a deeper insight into the cellular functions of the vacuole during fruit senescence that can serve as the basis for the development of future biotechnological strategies for the improvement of fruit quality.
To investigate the molecular mechanisms of litchi (Litchi chinensis Sonn.) fruit senescence, comparative proteomic analysis was carried out on litchi pulp . Litchi fruit is highly perishable after harvest with a shelf life of only 4-6 days under ambient temperature storage conditions, which has restricted the development of the litchi industry to a considerable extent. The identified proteins were mainly involved in signal transduction, cell wall metabolism, primary and secondary metabolism, and energy metabolism. Specifically, many up-regulated proteins were involved in auxin/ethylene regulation, which suggested that auxin and ethylene might cooperate to regulate litchi pulp senescence. This first proteomic analysis of the regulation of litchi fruit senescence will also contribute to the general understanding of fruit senescence regulation in non-climacteric fruit, for which ethylene does not play a central role.
An analysis was carried out to investigate also the proteomic changes involved in peel senescence in harvested mandarin (Citrus reticulata), another example of a nonclimacteric, worldwide economically important fruit. The identified differentially expressed proteins revealed that mandarin peel senescence is associated with energy supply efficiency, decreased antioxidant capability, and increased protein and lipid degradation. In addition, activation of Ca 2+ signalling and transcription factors might be involved in cell wall degradation and primary or secondary metabolism.
To better understand mitochondrial roles in maintaining and regulating metabolism in harvested storage tissues, highly purified mitochondria were isolated from peach tissues (Prunus persica) stored at 4 and 25 °C, and their proteome was analysed (Wu et al., 2016b) . Proteins involved in antioxidative systems, gluconeogenesis, glycolysis, and ethanol fermentation were changed significantly in response to high temperature. Storage at 4 °C dramatically delayed ripening and senescence processes by postponing the climacteric peak, slowing down carbon metabolism and degradation of cell structure. Besides, low temperature induced the expression of formate dehydrogenase and some amino acid metabolism proteins. Proteins classified as being in the respiratory chain and as ion channels showed high coherence with the climacteric respiratory burst, and the relative abundance of antioxidant enzymes showed their important impact on reactive oxygen species (ROS) scavenging through their coordinated expression. The data provided a great deal of information likely to enhance the understanding of the mitochondrial function in peach ripening and senescence process during storage, which directly affects its commercial value.
Additional insight into how oxidative phenomena such as ROS regulate fruit senescence has been obtained from analysis of dynamic alterations in the mitochondrial proteome from apples (Qin et al., 2009) . Mitochondrial proteins involved in the tricarboxylic acid cycle, electron transport chain, carbon metabolism, and stress response were found to be differentially expressed during fruit senescence. To lower the oxidative stress the ambient oxygen was lowered, which resulted in a reduced number of changed proteins, which was accompanied by a delayed fruit senescence. In contrast, the induction of oxidative stress by exposure to high oxygen accelerated fruit senescence and resulted in additional elevated proteins and oxidative protein damage. These data further support the involvement of ROS in regulating postharvest senescence of fruits.
In two studies the impact of phytohormones on postharvest protein dynamics has been characterized. The auxin-like 2,4-dichlorophenoxyacetic acid (2,4-D) is a high-efficiency anti-stalling agent in the post-harvest fresh fruit industry. It has had its use restricted due to environmental concerns, but no substitutes are available. To get an insight into the molecular mechanism underlying the effects of 2,4-D on retardation of senescence and fruit quality preservation, a combined transcriptomic and proteomic approach has been used to analyse post-harvest citrus fruits . The integrative data analyses revealed that 2,4-D retarded fruit senescence by altering the levels of many endogenous hormones and by improving stress defence capabilities by upregulating defence-related genes and proteins, and this will provide a theoretical basis for exploring new safe and effective anti-stalling agents.
To elucidate the basis for amelioration of postharvest yellowing by cytokinins, proteomic and transcriptomic analyses of broccoli subjected to exogenously supplied and transgenic senescence-induced cytokinin have been performed (Liu et al., 2013) . Both the exogenously supplied cytokinin benzyladenin (BA) and ipt-transgenic treatments acted antagonistically on ethylene functions. To increase shelf life and quality, it has been proposed to use long-term acclimation of metabolism and protection systems with ipt-transgenic treatment of broccoli along with short-term modulation of metabolism and establishment of a protection system with both BA and ipt-transgenic treatments in delaying senescence of the florets.
An increasing number of proteomics studies are providing important novel datasets that are complementing the various transcriptomics data that have been typically obtained in the past. Since protein turnover is typically slow, the readout is usually robust and not so critically affected by the timing of sampling as for metabolome datasets. The recent extension of proteome approaches to special senescence programmes in non-model organisms, such as postharvest senescence in different types of fruits, will greatly extend general knowledge about senescence regulatory mechanisms. The analyses have revealed that during postharvest senescence oxidative metabolism is activated and the increased level of ROS contributes to accelerated senescence progression.
Metabolomics
One major impact of senescence is the degradation of macromolecules to recycle valuable nutrients to sustain the metabolism in other parts of the plants and ultimately contribute to productivity as part of a survival strategy (Schippers, 2015) . In addition, metabolites play an important role in fine tuning of flux through the central biochemical pathways thus allowing fast and flexible adaptations to current internal needs and external factors. Notably, several studies suggest a role of metabolites in controlling the timing and/or progression of leaf senescence (Schippers et al., 2008; Wingler et al., 2012a) . In particular a relation between carbohydrate status and leaf senescence has been recognized for quite some time (Wingler and Roitsch, 2008) although there is still not a conclusive picture. The observation that sugars often accumulate in senescing leaves does not necessarily demonstrate that they are also involved in the regulation of leaf senescence. Instead, sugar accumulation could merely be a consequence of agedependent changes in metabolism. These data indicate that the determination of the metabolome will be an important assessment for understanding senescence in plants.
The first metabolome studies addressed leaf senescence in the model plant tobacco (Masclaux et al., 2000; Himelblau and Amasino, 2001 ) and were complemented recently by a comprehensive study in Arabidopsis. With respect to the agronomic relevance of crop plant leaf senescence, comparative analyses of the mobilization efficiency of macro-and micronutrients in annual monocot (barley, maize, wheat) and dicot (radish, pea) crops and three tree species (black alder, oak, poplar) are of applied relevance. These findings are reviewed in Kim et al. (2016b) .
A comprehensive metabolome analysis of developmentally regulated leaf senescence in sunflower has been combined with transcriptomics (Moschen et al., 2016a, b) . This study characterizes the leaf senescence process in sunflower through a systems biology approach integrating transcriptomic and metabolomic analyses, the plants being grown under both glasshouse and field conditions. This integrative omics study revealed a correspondence between profile changes detected at the molecular, biochemical and physiological levels throughout the progression of leaf senescence measured at different plant developmental stages. Early metabolic changes were detected prior to anthesis and before the onset of the first senescence symptoms, with more pronounced changes observed when physiological and molecular variables were assessed under field conditions. Such an experimental approach marks the need to simultaneously determine multiple physiologically relevant parameters to assess the complex metabolic networks that govern senescence programmes.
The number of metabolome studies is still very limited so that it is difficult to draw any generic conclusions, owing not least to the demanding requirements of instrumentation. Even the metabolic control of senescence by specific sugars is not fully understood. One particular challenge is the fast temporal dynamics of changes in metabolites, which makes the choice of sampling time critical. In addition, the currently available methods typically do not provide a spatial resolution so that approaches that allow conclusions based on spatial and temporal dynamics of metabolite changes are a particular challenge for the future.
The future need for large-scale physiological phenotyping
Whereas various physiological aspects of senescence have been studied in detail in the past, comprehensive large-scale and systematic studies remain missing. One key aspect of leaf senescence is the degradation of the chloroplast and the associated photosynthetic pigment metabolism, organic nitrogen, and sulphur transport. Although a detailed understanding of the regulation of senescence by individual phytohormones has been achieved, limited information is available on the complex interplay of different hormones. It is expected that in the regulation of senescence, as for other processes in the plant, the relative ratios are at least as important as the absolute amounts. For the latter a holistic determination of the complex spatial and temporal dynamics of phytohormone profiles will be needed.
In particular within the context of senescence induced by abiotic stresses, such as drought, heat or heavy metals, ROS and counteracting antioxidative metabolism have been shown to be of importance. Systematic high-throughput studies are still very rare but will be needed to contribute to a holistic phenomics approach (Lyu et al., 2017) .
Application of non-invasive, sensor-based phenotyping to study senescence
Non-invasive techniques based on camera and sensor systems are rapidly emerging as tools for studying plants under controlled and field conditions (Großkinsky et al., 2015a, b) . These approaches address aspects of plant development and environmental responses at the cell, tissue, organ, single plant, and field or canopy level. Depending on the resolution and scale, substantial information can be obtained in a relatively short time facilitating high-throughput approaches without the need for destructive measurements. For their initial establishment only, non-invasive markers may be correlated and validated with information derived from destructive measurements (Großkinsky et al., 2015b) . Phenotyping based on the evaluation of images is superior to manual phenotyping as (i) traits can be measured quantitatively over time, which facilitates the analysis of dynamic morphological and physiological responses, and (ii) different imaging techniques allow analysis of phenotypic traits that cannot be captured by eye, e.g. water content and chlorophyll fluorescence (Campbell et al., 2015) . Recent advances make high-throughput imaging a promising and powerful tool to complement senescence studies (Kim et al., 2016b) . Since the senescence phenomenon is considered as a phase of plant interaction with biotic and abiotic stresses (Lim et al., 2003 (Lim et al., , 2007 Munns and Tester, 2008; Häffner et al., 2015; Rungrat et al., 2016) , many studies indirectly analysed non-invasive senescence-related parameters in the context of such stress scenarios. Senescence-related parameters are usually analysed in plant shoots based on the inherent phenotypically observable process of chlorophyll breakdown (Ougham et al., 2005) . Additional morphological features may contain valuable information on the senescence status under specific circumstances.
Whereas non-invasive sensing technologies have been originally established for automated high-throughput phenotyping under controlled conditions, current focus is on the establishment of airborne and root phenotyping under natural, multifactorial field conditions (Araus and Cairns, 2014; Svensgaard et al., 2014; Großkinsky et al., 2015a) .
Above-ground senescence imaging

RGB imaging
One of the simplest non-invasive image-based phenotyping approaches is the use of ordinary RGB (red, green, blue) digital cameras in which morphological information based on colour differences within the plant tissue can be extracted. Phenotypic analyses of Miscanthus genotypes have included the determination of senescence and stay-green responses to drought stress based on the determination of pixel colours (RGB definitions) discriminating green vs non-green pixels (Malinowska et al., 2017) . Similarly, senescence in Sorghum bicolor in the context of nitrogen and water supply was analysed based on the greenness of leaf tissue (Neilson et al., 2015) . A colour-based approach was also deployed to detect onset and progression of senescence based on degradation of chlorophyll during the ageing process in Triticum aestivum and Cicer arietinum . In this case, leaf areas of dark green, light green, yellow, and brown colour are considered zones of different senescence phases. To facilitate a high-throughput application for accurate screening of senescence dynamics in T. aestivum and C. arietinum, an algorithm was integrated in the image analyses that corrected colour distortion (image restoration) and therefore allowed the evaluation of blurred images that otherwise could not have been evaluated . In a related approach, senescence as an indicator of summer dormancy in Lolium arundinaceum was determined based on ordinary images in JPEG format. The percentage of dead L. arundinaceum material per row (field/canopy level) represents summer dormancy, and was obtained using simple image analysis software based on the discrimination of the different colour values of green and senescent tissue (Ding and Missaoui, 2016) .
These results demonstrate that simple colour-based imaging is a suitable approach to detect senescence in various plant species where tissue colour changes and clear-cut discrimination of pixel colours allows relatively straight-forward image analysis. In combination with appropriate image analysis, these approaches could facilitate the resolution of early colour changes that may not be detectable by eye. As imaging devices and image analysis can be kept relatively simple for such approaches, automation of the whole approach seems feasible and costs are reasonable. Therefore, high-throughput analysis of individual plants or on the canopy level appears to be realistic and can be used for large-scale senescence screenings. For deep physiological and mechanistic studies on the cellular level, the value of such imaging approaches is, however, very limited and more sophisticated non-invasive phenotyping is needed.
Spectral imaging
Spectral imaging is based on capturing the light portion of specific light pulses reflected by the plant tissue, in contrast to light absorbed by the plant or transmitted by the tissue. Multi-spectral systems capture light of fixed wavelengths while hyperspectral systems can cover the whole light spectrum. From such images, morphological parameters can be extracted, but additional information, for example on the physiological status of the plant tissue, can be obtained and several different vegetation indices (VIs) can be calculated. Probably most commonly used is the normalized difference vegetation index (NDVI; Rouse et al., 1973) , which is based on reflectance in the near infrared (NIR) and visible red range and calculated as NDVI=(NIR−Red)/(NIR+Red).
By NIR spectral analysis (950-1800 nm), H. vulgare lines were successfully screened for stay-green traits (among others) expressed under heat stress, which are (partially) related to senescence processes (Gous et al., 2015) . Based on the leaf moisture that is detected by that approach, it is possible to discriminate functional stay-green, i.e. reduced chlorophyll degradation, from cosmetic stay-green, i.e. senescence accompanied by changes in pigment content and functionality (Gous et al., 2015) . Within studies of H. vulgare interactions with the biotrophic pathogen Blumeria graminis, increased reflectance in the range 420-740 nm was correlated with progressing senescence mainly due to decreasing absorption by chlorophyll and other photosynthesis-related pigments in this range (Kuska et al., 2015) . For early detection of drought stress by hyperspectral analyses, reflectance patterns were associated with senescence in H. vulgare (Römer et al., 2012) . Furthermore, a similar approach was used for high-throughput phenotyping of field-grown T. aestivum genotypes to determine stay-green and early senescence phenotypes (Kipp et al., 2014) .
Senescence and its spatiotemporal dynamics in H. vulgare plants were successfully determined by an ordinal support vector machine (SVM)-based classification modelling approach using hyperspectral images (430-890 nm, 120 equally distributed bands). By this approach, 20 different VIs including NDVI were determined and further used as individual and combined parameters to relate them to senescence and early drought stress (Behmann et al., 2014) . The model allowed the association of specific combinations of specific VIs with certain senescence phases and it was possible to detect drought stress up to ten days earlier than using only a single parameter such as NDVI (Behmann et al., 2014) . This is supported by other studies, e.g. in Brassica napus (Kant et al., 2015) or T. aestivum (Christopher et al., 2014) . This SVM-model approach was successfully transferred to analyse senescence occurrence in a Zea mays field experiment (Behmann et al., 2014) .
Canopy senescence and stay-green phenotypes are important characteristics for determining the quality of Z. mays lines in terms of growth and stress tolerance. Hybrids and inbred lines have been analysed for canopy senescence shifts under well-watered and drought stress conditions. Canopy senescence patterns were determined by spectral reflectance to calculate NDVI as an indicator for the senescence state. These measurements, combined with visual scoring, showed that grain-filling was more strongly correlated with grain yield of hybrids under drought than NDVI measurements (Cairns et al., 2012 ). An aerial phenotyping approach using NDVI and skewness to determine senescence in Z. mays showed limitations of these parameters as well . These results indicate that NDVI measurements alone are not necessarily sufficient for accurate determination of plant senescence. Nevertheless, single parameters can be valuable in the approximate determination of phenological patterns related to onset of senescence that would otherwise be performed manually by visual scoring (Camargo et al., 2016) .
Spectral imaging techniques have been used to analyse senescence under various conditions and in different plant species, mainly based on changes in chlorophyll status. Combined with adequate image analysis, i.e. integration of suitable algorithms and evaluation of appropriate parameters, reliable high-throughput approaches seem realistic. However, the signatures obtained, often expressed as VIs, have to be carefully validated when used for studying different aspects of senescence. Individual VIs such as NDVI may be used for approximation of onset and progression of senescence. For a more detailed analysis of senescence, single parameters are not sufficient, and combinations of multiple VIs are a promising approach. Future development in spectral imaging methods needs to address the establishment of specific correlations of individual measured parameters and their biological meaning in the context of senescence. Subsequently these individual markers need to be combined for deep analyses of senescence and other biological processes. The establishment and integration of such non-invasive markers may eventually contribute to high-throughput screening of senescencerelated traits in breeding programmes.
Fluorescence imaging
Advanced fluorescence imaging approaches are based on capturing light emitted by plant tissues after excitation with light of specific (shorter) wavelengths while the energy difference between excitation and emitted light is absorbed by plant components. Multi-fluorescence approaches use varying excitation light ranging from UV to red in combination with specific detection of emitted fluorescence bands. Different fluorescence emissions can thereby be associated to specific plant components and be related to the plant's internal status.
Imaging in the visible and fluorescence spectrum incorporated in an automated high-throughput phenotyping set-up was used to determine dynamic responses to salinity in Oryza sativa (Hairmansis et al., 2014; Campbell et al., 2015) . While visible range imaging in a combined side-and top-view set-up was suitable to detect early growth responses to salinity, sideview fluorescence imaging-excitation with constant blue light (400-500 nm) and emission (500-750 nm) to determine steady-state chlorophyll fluorescence-was used for detecting the physiological reaction of chlorophyll breakdown (Hairmansis et al., 2014; Campbell et al., 2015) . Information on senescent tissue was retrieved either by discriminating between red chlorophyll fluorescence representing healthy tissue and yellow fluorescence indicating senescence (Hairmansis et al., 2014) or by image segmentation based on pixel colours, which are classified into discrete classes (Campbell et al., 2015) . While the first approach may be suitable to monitor progression of senescence by increasing proportion of yellow fluorescence related to the whole plant surface, the latter approach possibly allows a more detailed resolution based on the gradual differences between the pixel classes. Although fluorescence signals are also responsive to other processes than abiotic stress (e.g. developmental dynamics), this highthroughput approach linked genomic information to temporal salinity responses in O. sativa populations (Campbell et al., 2015) .
Similar approaches have been used also for monitoring photosynthesis and chlorophyll dynamics in the model plant Arabidopsis (Vanhaeren et al., 2015; Flood et al., 2016; Rungrat et al., 2016) and the crop G. max (Pan et al., 2015) , suggesting that this approach might be useful to study senescence-related processes in various plant species. These advanced imaging approaches, which are more demanding in respect to the deployed devices, and subsequent image analysis need to provide additional information compared with simpler approaches, e.g. based on RGB imaging, to justify the higher effort of their application. Recent advances in statistical and mathematical approaches have increased the possibility of obtaining additional information from such complex imaging data. In the context of senescence research, these approaches seem to have the potential for higher spatiotemporal resolution and to obtain information in earlier senescence stages. Certainly, specific parameters and signatures derived from this imaging information have to be carefully correlated and validated to the objectives of interest. Given that future development of these techniques will consider senescence-related aspects, these approaches may contribute also to studies that are more focused on deep physiology and detailed mechanisms of plant senescence.
Other non-invasive techniques and combinations of approaches
Physiological parameters related to gas exchange, transpiration rate, and photosynthetic activity collected with a simple porometer device differentially responded to water deficit depending on the leaf age in Helianthus annuus (Adrianasolo et al., 2016) . Therefore, such measurements might form an approach to non-invasively determining the senescence status of leaf tissue in the case of correlations of individual or combinations of parameters so that senescence can be established.
In B. napus, the application of nuclear magnetic resonance (NMR) relaxometry has been used as a novel approach in non-invasive plant phenotyping to determine water status at cellular levels in leaf tissue. With this technique relaxation variables or dynamic changes of these variables can be determined. The relaxation is based on the chemical and physical properties of specific tissues and describes the time nuclear spins need to reach their normal state after excitation, which causes a non-equilibrium state. Changes in the NMR signal correlated cell hydration to leaf senescence and detected even slight differences in senescence progression (Musse et al., 2013) . Therefore, this may be another valuable technique for senescence studies.
Recently, senescence in Arabidopsis was analysed in a comprehensive phenomics study to detect morphological and physiological changes using an integrated high-throughput set-up that comprised RGB, infrared, fluorescence and 3D imaging that generated a total of 208 different indices (Lyu et al., 2017) . In addition to age-dependent senescence, other senescence-inducing factors such as darkness, hormone treatment and external stresses have been analysed comparatively (Lyu et al., 2017) . Most senescence-related traits were shown to behave similarly under the different senescence-inducing conditions, though some were not suitable as general senescence markers (Lyu et al., 2017) .
Classical methods to non-invasively obtain information on the physiological status of the plant along with novel techniques could be promising tools to complement current imaging approaches. Added information derived from these could also give a more detailed insight into plant processes in the context of plant senescence and may be used for meaningful correlations and validation of imaging-based, non-invasive markers. As shown by Lyu et al. (2017) combination of techniques is a powerful approach to identify novel markers and signatures for plant senescence, which is possibly also true for other plant processes. Although this means additional technical effort and increased challenges in data handling, there is a high potential for ultimately generating valuable and reliable non-invasive biomarkers.
Imaging root senescence
Imaging of roots is more challenging than respective approaches for above-ground organs and therefore mostly limited to the analysis of morphological parameters. Root traits are often studied by an invasive approach, namely 'shovelomics' (Trachsel et al., 2011; Walter et al., 2015) , while truly non-invasive approaches have to use either potted plants or plants grown in artificial set-ups (i.e. rhizotrons). Although rhizotrons are considered close-to-nature set-ups, physical interactions of roots or surrounding soil with the artificial surfaces as well as certain influences of incident light may have an impact on the roots. Nevertheless, rhizotron setups have been used to study morphological changes of oilseed rape roots under phosphorus limitations associated with root senescence. The analysis of specific root parameters was assisted by simple imaging approaches and the use of appropriate software (Yuan et al., 2016) .
Due to the limited accessibility of plant roots, the potential of advanced imaging techniques is per se largely underexplored, which is in particular true for plants grown under field conditions. Similarly, information on root senescence is limited, and there is a lack of markers. Further development of advanced phenotyping approaches may be a promising tool to dissect underlying mechanisms of root senescence under controlled and field conditions in the future, and could contribute to the establishment of senescence-related biomarkers in roots.
Taken together, non-invasive imaging-based methods offer different promising tools to study senescence as well as other physiological and developmental processes. Depending on the aspects addressed they can serve different purposes: even simple approaches, e.g. RGB imaging, can be valuable for largescale applications to identify senescence-related traits in the field or ecophysiological contexts, and advanced techniques may additionally facilitate deep physiological analyses, mechanistic studies and detection of biochemical and physiological traits. Given that handling of devices and data evaluation will become easier when automation is implemented, these approaches could commonly be implemented, and established non-invasive markers may serve multiple purposes in basic research as well as in applied practice. Important for future development of these approaches are considerations regarding data handling and evaluation, scalability of the tools, and reliability under changing conditions. Translation of basic science mechanistic studies of senescence into applications in agriculture and the food industry One key target of developmental senescence programmes is plant physiology with the major impact of a profound modulation of source-sink relations and impact on nutrient remobilization (Figs. 1 and 3) . Thus in particular for monocarpic senescence of annual crops with (i) a substantial overlap of senescence with reproduction and (ii) a much more synchronized senescence than in weeds an important role was shown for harvest yield and quality (Gregersen et al., 2013) . In addition, the interaction of external abiotic and biotic factors with the execution of the endogenous senescence programme will determine a connection between senescence and stress resilience and thus ultimately crop yield stability within climate change scenarios. In addition to this impact on crop productivity the senescence programmes will affect also product quality at the time of harvest and the shelf life thereafter.
The stay-green trait and improvement of nutrient use efficiency and abiotic stress tolerance to increase crop yield by delayed leave senescence
The stay-green trait refers to the heritable delayed foliar senescence character in model and crop plant species (Thomas and Ougham, 2014) . In functional stay-greens, the transition from the carbon capture period to nitrogen mobilization during leaf senescence is delayed, and/or the senescence syndrome proceeds slowly. As outlined before, QTL studies show that functional stay-green is a valuable trait for improving crop stress tolerance, and is associated with the domestication syndrome in cereals. The stay-green phenotype can be the result of alterations in hormone metabolism and signalling, particularly affecting networks involving cytokinins and ethylene, and members of the WRKY and NAC transcription factors have been identified as targets of corresponding mutations. Empirical selection for functional stay-green has contributed to increasing crop yields, particularly where it is part of a strategy that also targets other traits such as sink capacity and environmental sensitivity (Gregersen et al., 2013) . The onset and progress of senescence programmes are phenological metrics that show climate change sensitivity, indicating that understanding the mechanistic basis for the functional stay-green trait can contribute to the design of appropriate crop types for future environments.
Analysis of genetic improvement in nitrogen stress tolerance traits over 38 years of commercial maize hybrid release has revealed that the breeding progress for yield gain in these hybrids was achieved by longer duration of the grain filling period plus longer leaf stay-green (K. Chen et al., 2016) . Likewise in rapeseed, traits related to nitrogen remobilization, such as the stay-green phenotype, have been identified as possible levers to improve nitrogen use efficiency (Bouchet et al., 2016) . In rice, different degrees of stay-green indicated that terminal senescence is essential to limit nitrogen requirement and the maintenance burden, but partial stay-green would strongly benefit radiation use efficiency and yield potential (Dingkuhn et al., 2015) . Predominant genes involved in regulation and execution of senescence-associated nitrogen remobilization in flag leaves of field grown barley have been identified (Hollmann et al., 2014) . The finding that phytohormone profiling of contrasting rapeseed genotypes revealed that the nitrogen use efficient cultivars are characterized by a specific signature of biological active versus inactive cytokinins proved the practical relevance of such an untargeted physiological phenotyping approach (Koeslin-Findeklee et al., 2015) .
Microbially modulated senescence to increase yield and yield stability
The plant microbiome has been recognized lately to be important for plant growth and development, adaptation to particular habitats, and mitigation of biotic and abiotic stress responses (Meena et al., 2017) . Notably, microbe-mediated abiotic stress tolerance has been established in a number of studies (Meena et al., 2017, and references therein) . However, so far no direct link between senescence programmes and the microbiome has been established. Due to the modulation of senescence by stress factors, such an interaction may be expected, and thus the microbiome needs to be considered not only in senescence research but also for practical application in next-generation breeding strategies that target the microbiome (Gopal and Gupta, 2016; Kroll et al., 2017) .
Phenomics approaches can furthermore be used to holistically relate the effect of individual components such as specific phytohormone levels to their effect in complex interactions including the impact of microbial hormone production on plant performance. Microbial cytokinin, for example, has been identified as a plant-growth promoting factor (Ortíz-Castro et al., 2008) and a mediator of biological control of plant pathogens (Großkinsky et al., 2016) . This makes microbial production of cytokinins, and also of other phytohormones, an interesting and promising tool for potential crop plant applications. As cytokinins are well known to delay plant senescence (Mothes, 1960; Gan and Amasino, 1995) due to modulation of central carbohydrate metabolism and sink activity (Roitsch and Ehneß, 2000; Balibrea Lara et al., 2004; Wang et al., 2016) , this feature may also be used to delay senescence and thus extend the cultivation period, ultimately contributing to increased biomass and seed formation. This is supported by an increase of endogenous cytokinin levels by overexpression of a cytokinin biosynthetic gene successfully delaying senescence in B. napus (Kant et al., 2015) . The growth period was extended and the overall use of solar radiation increased resulting in higher seed yield with generally elevated levels of oleic acid as well as higher oil and lower glucosinolate content in specific cases (Kant et al., 2015) . Increased yield was observed under well-watered and restricted water conditions (Kant et al., 2015) . Microbes may also positively impact plant senescence in terms of crop cultivation by delaying ageing and increasing the active period of plants or individual organs through a decrease in ethylene levels by 1-aminocyclopropane-1-carboxylate deaminases (Glick, 2014) . By this specific activity, bacteria may delay senescence of above-ground organs such as flowers (Ali et al., 2012) as well as below-ground tissues such as root nodules (Glick, 2014) .
These important functions of phytohormonal interactions in senescence regulation highlight the importance of integrating phytohormone analysis (Großkinsky et al., 2014a) for studying plant senescence. Phytohormones are central determinants of the physiological state exemplified by differential cytokinin impact on resistance and physiology (Großkinsky et al., 2013; Schäfer et al., 2015) . Delay of senescence via regulation of central carbohydrate metabolism (Balibrea Lara et al., 2004) and its interaction with other phytohormones such as abscisic acid (Großkinsky et al., 2014b) has been demonstrated to affect senescence in crops as well (Oka et al., 2012; Liang et al., 2014) .
Postharvest senescence and the shelf life and quality of fruits
Driven by commercial interest to increase the shelf life of harvested fleshy fruits and vegetables, an increasing number of studies have addressed the postharvest senescence by mostly proteomics approaches. Since 2013 different comparative proteomics studies have been carried out to analyse postharvest senescence in citrus, litchi, peach, kiwi, mandarin, apples, and broccoli. Some of these analyses were even combined with other approaches such as transcriptomics of coding RNA (see above). Although several of these studies analysed non-climacteric fruits such as citrus and litchi, with only apple as a climacteric fruit, they had a distinctly different focus and approach. Among other parameters the impact of storage conditions and exogenous treatment by hormones has been analysed, some with a focus on a particular subcellular compartment. Due to the distinctly different focus of the various studies, no general conclusions can be drawn. However, different potential breeding targets have been identified including phytohormones and antioxidative enzymes.
Senescence research 2.0: the need for an integrative and interdisciplinary multiomics approach and meta-phenomics databases for a systems biology understanding of the various levels and facets of the senescence phenomena from individual tissues and organs to the whole organism
The in-depth, large-scale analysis of the leaf senescence with various omics techniques has not only revealed a deep insight into the complexity of the senescence phenomenon of a single plant organ, but also made apparent the still limited understanding of senescence phenomena in general and at the whole plant level, and of the distinctly different senescence programmes in particular. This conclusion is further substantiated by more recent advances in the elucidation of other senescence phenomena beyond the Arabidopsis leaf such as postharvest senescence of fruits and the senescence of individual root tissues or auxiliary symbiotic root organs. While a number of datasets from various transcriptomics studies of coding RNAs are available leading to the identification of transcriptional networks and senescence-inducing signalling, studies with genomics approaches in a strict sense and physiological phenotyping with proteomics, metabolomics and enzymology are still limited. The fact that the correlation between transcript levels and the corresponding enzymatic activities is typically poor, with deviations in more than 50% of the cases, illustrates the importance of complementary studies at various levels and also with special consideration for post-transcriptional, post-translational and epigenetic mechanisms.
To create the maximal synergism through complementary analyses of different senescence programmes at various scales by multi-omics approaches (de Castro et al., 2013) , the centralized collection, management, and integration of the various data will be required (Guo, 2013) . Data from plant senescence research are currently collected at two webbased resources, the updated version of the Leaf Senescence Database (LSD 2.0; http://www.eplantsenescence.org, Li et al., 2014) and the Plant Senescence Network (SenNet; http://sidthomas.net/wp/index.php/about-me/the-completeworks). This can, however, only be a promising starting point that will need in the future to include the various aspects of senescence programmes in both model and crop plants. Due to the substantial modulation of senescence programmes by the abiotic and biotic environment and agricultural plant management regimes it will be important to consider also the dose-response curves of senescence programmes for the various external factors. Therefore senescence databases need also to be linked to meta-analyses of the plastic response of plants such as those collected in the Meta-Phenomics database, which is based on literature data published in the past 60 years (http://www.metaphenomics.org).
One particular demand in the future will be bioinformatics. The meta-analysis of multiplexed phenotyping and phenomics data is both a great opportunity and a challenge (Krajewski et al., 2015) . The great extent and heterogeneity of data from the complementary types of analyses will need to be handled and integrated. In particular, the additional implementation of multiscale physiological phenotyping, which includes the association of phenotypic information with a multitude of metadata and multivariate analyses and integration of highly diverse datasets, such as data deriving from genomic or biochemical analyses, will impose special and new demands, also with consideration of environmental variables. Novel approaches such as artificial intelligence-guided meta-analyses, which are already applied in microbiome research (de Castro et al., 2013) , will need to be implemented also in senescence research. Also the data storage, nomenclature, ontologies and ways of accessing and distributing will need special attention. In particular the non-invasive approaches will generate an increasing amount of very storage-demanding image datasets that will need consideration for efficient and automated image analyses and decision systems for which data are kept for the future. The lack of publicly available research databases containing plant imagery has also substantially hindered the advance of plant image analysis. A new multimodality plant imagery database named 'MSU-PID' with two distinct properties has been established (Cruz et al., 2016) : (i) images are captured using four types of imaging sensors, fluorescence, infrared, RGB colour, and depth, and (ii) the imaging set-up and a variety of manual labels allow MSU-PID to be suitable for a diverse set of plant image analysis applications, such as leaf segmentation, leaf counting, leaf alignment, and leaf tracking. The also recently established AraPheno database (http://arapheno.1001genomes.org) is a public database collection of Arabidopsis phenotypes and should become, when continually updated and expanded, a valuable community source. This database already allows searching and filtering for public phenotypes and obtaining additional meta-information.
Finally, an interdisciplinary systems biology approach to unravel the secrets of plant senescence will also need to take into consideration a comparison of senescence and ageing between higher classes of organisms, namely animals and plants. There is a long debate about the potential universality of senescence (Salguero- Gómez et al., 2013) , whether most plants actually age in a strict gerontological sense (Thomas, 2002) and whether perennials really senesce (Munné-Bosch, 2008) . However, comparison of the differences and similarities of the multiple layers of control is expected to yield important implications for the mechanistic understanding of ageing in general (Woo et al., 2013) . In particular, the analysis of regulation of senescence in plants by non-coding RNAs and epigenetic mechanisms very much lags behind understanding in animals (Ay et al., 2014a) and the link between telomere length and senescence is not yet clearly established, although an increasing number of studies with model and also crop plants is addressing this aspect, and rapid progress has been made in the recent past (see above). Even a quantitative genetic signature of senescence could be detected in plants, although for a long time research on theories of evolutionary fingerprints of ageing related to genotype-age interaction was based only on experiments with small insects (Pujol et al., 2014) . Most evolutionary ageing theories have not so far considered plants and the specific traits in their ageing mechanisms, although sectoriality in trees has consequences for the impact of catastrophic events both at an individual and population level (Brutovska et al., 2013) .
Future challenges and outlook
The different approaches described above offer valuable tools that in combination allow for addressing plant senescence in a holistic way. So far, a very limited number of phenomic studies have been combined, typically transcriptomics combined with either proteomics (e.g. Ma et al., 2014; Liu et al., 2016) or metabolomics (e.g. Ding et al., 2015; Moschen et al., 2016a, b) . A meta-analysis of the various available datasets on leaf senescence obtained in different experiments is a promising starting point for providing an integrative multi-omics perspective on leaf senescence research. What will, however, be needed in the future is a truly multi-omics approach within a single experimental framework, which has been missing thus far. The very recently developed approach and concept utilizing the 'phenome high-throughput investigator' (PHI) with a single-leaf-basis phenotyping platform is a very promising starting point in this direction (Lyu et al., 2017) . The case studies showed empirical evidence for the feasibility of PHI for quantitative measurement of leaf senescence responses and improved performance in order to dissect the progression of senescence triggered by different senescence-inducing factors as well as genetic mutations. Such combined innovations at the level of infrastructure and data integration enables new perspectives and challenging concepts to be proposed, which will be valuable and needed to enhance and expand our fundamental understanding on the complex process of leaf senescence.
The future integration of phenomic data with other multi-omics data obtained from transcriptomic, proteomic, metabolic, and other physiological studies will enable the addressing of the underlying principles of senescence, passing through different layers of information from molecule to organism. Such envisioned integrated approaches, however, also face some challenges. One inherent limitation for studying senescence is the multifactorial impact of various internal and external parameters on this process itself. Under controlled laboratory conditions, specific studies might be possible to a certain extent, but studies on a field scale appear rather difficult due to the spatiotemporal variation of a multitude of biotic and abiotic factors, the individual status of each plant, and the intense interaction of the individual factors (G×E×M). The expected complex interactions are evident from the still open questions related to the metabolic control of leaf senescence by carbohydrates. The importance of metabolic control of senescence is suggested by different basic science studies. Trehalose-6-phosphate is required for the onset of leaf senescence associated with high carbon availability (Wingler et al., 2012a) in the annual Arabidopsis. There is also an interaction between temperature and sugars in the regulation of leaf senescence that was shown for the perennial A. alpina (Wingler et al., 2012b) . The operation of different regulatory networks is supported by a QTL analysis for sugar-regulated leaf senescence that supports flowering-dependent and -independent senescence pathways (Wingler et al., 2010) . Future studies will need to consider the next level of transcriptome, proteome, and metabolome analysis. Transcriptomics will need to be complemented also by consideration of epigenetics and small RNA regulatory mechanisms (Humbeck, 2013; Ay et al., 2014a) . The basic proteomic studies will need to address also the relation of specific post-translational modifications that affect biological activity. While it is attractive and feasible to measure all the transcripts (transcriptome), all the proteins (proteome), and a large number of the metabolites (metabolome) in a given senescence context, linking and integrating this information remains difficult. Measurement of metabolome-wide fluxes, termed the fluxome, provides an integrated functional output of the cell machinery and a better tool to link functional analysis to plant phenotyping (Salon et al., 2017) .
Although the combination of different approaches seems promising to elucidate senescence processes in more detail, this will generate an enormous amount of data, which poses challenges for precise nomenclature, storage, handling, and evaluation. Particularly the huge file sizes derived from sophisticated and high-throughput non-invasive imaging approaches will ultimately be challenging. Furthermore, machine-assisted extraction of valuable information from the high number of images seems essential (Minervini et al., 2015) , which has to follow specific protocols to maintain comparability. However, association of certain noninvasive parameters to specific senescence stages might in future allow a decrease in data allocation to the minimum needed to reliably study the senescence and related stress processes (Behmann et al., 2014) , although the requirements of image acquisition and analysis itself generates challenges on its own. Another challenging aspect is the need to correlate the diverse datasets derived from various independent approaches to achieve a holistic phenomics view (Fahlgren et al., 2015) . The association of these big individual datasets is a complex task to (i) obtain meaningful correct information and (ii) not lose valuable information. Therefore, it is crucial to develop and implement appropriate advanced mathematical and statistical methods and models (Rahaman et al., 2015) for the required multivariate analysis. This will need considerations of its own, which are beyond the scope of this article, that might currently be limited and thus not sufficient to extract all this information according to the needs of such suggested holistic phenomics approaches.
As outlined above, a comprehensive and sophisticated tool set of various non-targeted and high-throughput omics approaches is available. The integration with physiological phenotyping into a holistic phenomics approach should both spur and inspire basic and applied senescence research. 
